NAD(P)H-dependent enzymes are ubiquitous in metabolism and cellular processes and are also of great interest for pharmaceutical and industrial applications. Here, we present a structure-guided enzyme engineering strategy for improving catalytic properties of NAD(P)H-dependent enzymes toward native or native-like reactions using mutations to the enzyme's adenine-binding pocket, distal to the site of catalysis. Screening single-site saturation mutagenesis libraries identified mutations that increased catalytic efficiency up to 10-fold in 7 out of 10 enzymes. The enzymes improved in this study represent three different cofactor-binding folds (Rossmann, DHQS-like, and FAD/NAD binding) and utilize both NADH and NADPH. Structural and biochemical analyses show that the improved activities are accompanied by minimal changes in other properties (cooperativity, thermostability, pH optimum, uncoupling), and initial tests on two enzymes (ScADH6 and EcFucO) show improved functionality in Escherichia coli.
Introduction
Engineering novel or improved metabolic pathways often changes the demands placed on enzymes evolved to carry out their natural functions in specific contexts. For instance, it has been proposed that enzymatic K M values have evolved to match physiological substrate concentrations (Bennett et al., 2009) , which can change as a result of heterologous expression or pathway engineering that changes steady-state metabolite concentrations. Such changes in metabolic context might require alterations in enzyme kinetics through protein engineering for optimal metabolic flux and cell physiology. Beyond the room for improvement created by a novel physiological context, it has been hypothesized that the kinetics of many enzymes have not been maximized by evolution, particularly the 'moderately efficient' enzymes of secondary metabolism where kinetic enhancement is of minimal benefit to host fitness (Bar-Even et al., 2011; Bar-Even and Tawfik, 2013) . Despite the suggestions that there is potential to improve native activities, engineering enzymes for the direct improvement of activities on their natural substrates under biologically relevant reaction conditions has proven challenging and, to our knowledge, broadly unsuccessful (Tcherkez et al., 2006; Savir et al., 2010; Bar-Even et al., 2011) . Instead, enzyme engineering usually improves reactivity toward non-natural substrates, increases promiscuous reactivities or alters selectivity (Schmidt-Dannert and Arnold, 1999; Bornscheuer and Pohl, 2001; Brustad and Arnold, 2011; Li and Cirino, 2014) . Unlike these goals, in which functional changes can often be ascribed to specific remodeling of the active site to accommodate or exclude certain substrates or transition states, the precise structural origins of an enzyme's kinetic properties are more enigmatic and to-date have been resistant to prediction. In this study, we empirically identify structural positions in NAD(P)H-dependent enzymes where mutations can provide significant boosts in enzyme activity and catalytic efficiency. NAD(P)H-dependent enzymes are involved in a wide range of metabolic reactions, which makes them of interest for pharmaceutical and industrial applications. Protein engineering has been used to study and change cofactor binding to NAD(P)H-dependent enzymes (Hurley et al., 1996; Khoury et al., 2009; Bastian et al., 2011; Brinkmann-Chen et al., 2013) . Previous work from this laboratory on engineering of cofactor specificity of ketol-acid reductoisomerase (KARI) enzymes revealed that mutation at a single position on a helix that runs parallel to the cofactor adenine moiety improved the catalytic activity of several KARIs, both wild type and cofactor-switched (Bastian et al., 2011; Brinkmann-Chen et al., 2013) . This finding was replicated in another KARI by Reiße et al. (2015) .
While screening a random mutant library of the Arabidopsis thaliana glyoxylate reductase (AtGR1) prepared for an unrelated study, we observed similar activating effects from a mutation adjacent to the position corresponding to that in the KARIs. AtGR1 with mutation C68R showed a significant improvement in activity in lysate, which we later established was due largely to a ∼5-fold decrease in K M for the substrate (this work). AtGR1 and KARIs possess similar overall folds, with highly similar Rossmann domains, and both are specific for NADPH over NADH. Because it is rare to find mutations that boost the activity of an enzyme for its native reaction, we set out to investigate whether modifications at similar positions with respect to the adenine could improve the activities of enzymes with more diverse folds and cofactor utilization profiles. These amino acids are situated in the internal lining of the adenine-binding pocket. More specifically, they contain atoms located within 5 Å of the N6 atom of the NAD(P)H adenine (see Fig. 1 ), but are not involved in determining cofactor preference through interaction with the phosphate or hydroxyl in the 2′-position of the ribose. Libraries of enzyme variants made by site-saturation mutagenesis at these positions can be screened rapidly for increased enzyme activity in lysate. We demonstrate that this simple structure-guided engineering strategy works to improve the activities of a surprising range of enzymes, opening the door to improving the catalytic properties of a broad array of industrially relevant enzymes and metabolic pathways.
Materials and methods

Cloning and library construction
All genes were obtained from Integrated DNA Technologies (IDT) as gBlock linear fragments and were cloned into pET22b(+) in frame with the C-terminal his-tag for expression in Escherichia coli using Gibson cloning (Gibson et al., 2009 ) with overlap at the T7 promoter and terminator sequences. Mutagenic primers for site-saturation mutagenesis were obtained from IDT and treated as suggested by IDT protocols. Splicing by overlap extension polymerase chain reaction (SOE-PCR) was performed as described previously (Kunkel et al., 1987; Bastian et al., 2011) . The quality of the library was assessed using DNA sequencing performed by Laragen (Los Angeles, CA, USA). Standard molecular biology methods were taken from Sambrook et al. (1989) .
Heterologous gene expression for high-throughput screening and protein purification All expression cultures were grown in Luria-Bertani broth, supplemented with ampicillin for selection (LB+Amp).
For high-throughput screening, pre-cultures of 300 µl LB+Amp were inoculated with single colony forming units (CFUs) in 96-deep-well plates (DWPs) using toothpicks. For each library, 84-88 CFUs were screened, corresponding to 93-95% theoretical library coverage (Patrick et al., 2003; Bosley and Ostermeier, 2005) , along with the parent protein and the pET22b(+) vector as positive and negative controls. The pre-cultures were grown overnight at 37°C, 200 rpm and 80% humidity. The next day, expression cultures of 600 µl were inoculated with 50 µl of the overnight cultures in 96-DWPs. The pre-cultures were stored at 4°C until the screening was completed to serve as temporary stock from which positive hits were regrown. After incubation of the expression cultures for 4 h at 37°C, 200 rpm and 80% humidity, expression was induced by adding isopropyl thiogalactopyranoside (IPTG) to a final concentration of 0.25 mM. Expression occurred for 21 h at temperatures indicated in Supplementary Information S1 and 200 rpm without humidity control. The expression cultures were harvested through centrifugation, and the DWPs containing the cell pellets were stored at −20°C until screening.
For purified protein, pre-cultures grown overnight at 37°C and 200 rpm were used for inoculation of 200 ml expression cultures to an OD 600 of 0.05-0.1 and incubated at 37°C and 210 rpm until an OD 600 of ∼0.8 was reached. At this point, the expression cultures were cooled to their expression temperatures (Supplementary Information S1) before induction with IPTG to a final concentration of 0.5 mM and growth for an additional 21 h. The expression cultures were harvested by centrifugation, the supernatant was discarded and the pellets were frozen at −20°C until further use.
Enzyme assays and high-throughput screening
Escherichia coli cells were resuspended in the respective assay buffer (Supplementary Information S1) containing 750 mg/l lysozyme, 10 mg/l DNaseI and 2 mM MgCl 2 . Lysis was accomplished at 37°C for 1 h. Enzyme activities were then assayed by monitoring NAD(P)H consumption in the presence of the respective substrate (see Supplementary Information S1) and 250 μM NAD(P)H at 340 nm in a plate reader.
Thermostability was measured through determination of T 50 , the temperature where the enzyme activity is reduced to 50% of its initial activity after incubation for 10 min. The pH optimum was determined using a selection of four different buffer systems to cover the relevant pH scale from pH 3 to 10 ( pH 3-6: 50 mM sodium citrate buffer, pH 6-8: 50 mM sodium phosphate buffer, pH 8-9: 50 mM Tris-HCl buffer, pH 9.2-10: 50 mM carbonate-bicarbonate buffer). All observations are averages of at least three replicates.
Protein purification and enzyme kinetics
Escherichia coli cell pellets were resuspended in 10 ml buffer A (25 mM Tris, 100 mM NaCl, 20 mM imidazole, pH 7.4) and lysed by sonication. The lysate was centrifuged, and the enzymes were purified via their C-terminal His 6 -tag using High Performance (HP) Ni-NTA Sepharose columns (GE Healthcare, Waukesha, WI, USA) on an Äkta Xpress FPLC (GE Healthcare). The concentration of purified protein was determined using the Bradford assay (Bio-Rad, Hercules, CA, USA).
For rate measurements, k cat values were determined using the same assay conditions as above with saturating cofactor and substrate, while Michaelis-Menten constants were determined by varying each individually. At least six cofactor concentrations and at least five substrate concentrations were used for these determinations, and all measurements were performed at least three times. MatLab (Mathworks, Natwick, MA, USA) was used for parameter fitting.
Protein crystallization and structure determination
Screening of crystallization conditions was conducted at the Beckman Molecular Observatory at the California Institute of Technology using commercially available crystal screens. Crystallization occurred with purified EcFucO M185C at a concentration of 15 mg/ml, 10 mM NAD + and 10 mM isobutyraldehyde using the sitting drop method at ambient temperature. Crystals were obtained with 12% PEG 3350 and 200 mM NH 4 Cl as precipitant. The crystals were soaked with mother liquor containing 17% glycerol and 6.9 mM NAD + before flash freezing in liquid nitrogen. Diffraction data were collected using a Dectris Pilatus 6 M detector on beamline 12-2 at the Stanford Synchrotron Radiation Laboratory at 100 K. Diffraction datasets were integrated with XDS (Kabsch, 2010) and scaled using SCALA (Evans, 2006) . The structure of EcFucO ( pdb code 1RRM; Kumaran and Swaminathan, 2009 ) was used for molecular replacement. Refinement was conducted by iterating automatic refinement with Refmac5 (CCP4 suite) and manual refinement using Coot (Emsley and Cowtan, 2004) . The structure was deposited in the RCSB Protein Data Bank with accession code 5BR4.
In vivo growth assays
For the in vivo growth assays, cells were grown in 24-well round-bottom plates (Invitrogen, Carlsbad, CA, USA). In each well, 3 ml of LB broth with 100 μg/ml ampicillin and 500 μM IPTG were inoculated with 10 μl of saturated overnight culture. After 3 h of growth, an additional 3 ml of LB (with ampicillin and IPTG at the same concentrations) were added, which contained 10 mM of furfural or trans-cinnamaldehyde. After 10 h, the OD 600 of a 200-μl aliquot was measured on a plate reader (Tecan, Männedorf, Switzerland). All observations are averages of at least five replicates.
Results
Improvement of catalytic properties through mutations around adenine N6
In addition to the KARI enzymes previously studied, we selected eight distinct enzymes representing a range of cofactor preferences and cofactor-binding folds to test whether mutations at positions around the N6 nitrogen of adenine led to higher activity. The enzymes selected for this study include enzymes previously studied in our group and enzymes with potential for industrial applications: Saccharomyces cerevisiae cinnamyl alcohol dehydrogenase (ScADH6), AtGR1, Lactococcus lactis and Drosophila melanogaster alcohol dehydrogenases (LlAdhA and DmADH), Klebsiella pneumoniae propanediol dehydrogenase (KpDhaT), E. coli lactaldehyde reductase (EcFucO), Talaromyces emersonii xylose reductase (TeXR) and Lactobacillus sanfranciscensis NADH oxidase (LsNOX). Some details about these enzymes are provided in Table I , and more information can be found in Supplementary Reiße et al. (2015) , which come from two distinct structural classes. EcIlvC is also notable for undergoing a cofactor-induced conformational change opposite that observed in other KARIs studied (Cahn et al., 2015) .
For each enzyme, we identified residues within 5 Å of the N6 atom of the NAD(P)H adenine, based on published crystal structures or homology models produced using the SWISS-MODEL server (Arnold et al., 2006) . A site-saturation mutagenesis library was generated at each position listed in Table I , and the enzyme variants were screened for activity on both NADH and NADPH using the substrates indicated in Supplementary Information S1. Mutants with significant activity enhancements toward either cofactor were purified, and MichaelisMenten kinetic parameters were determined for the cofactors and the substrate. Improved kinetics were found in variants of five out of the eight new enzymes tested, in addition to the KARIs previously studied by Brinkmann-Chen et al. (2013) and Reiße et al. (2015) . This number is notable given that these mutations are (i) boosting kinetic properties of native or native-like reactions, (ii) distal to the active sites and (iii) obtained by screening small saturation libraries made at only a very few positions (between 1 and 4; see Table I ).
The combined results are summarized in Table II , where improvements in k cat (1.2-11.0-fold increase) as well as in the K M for substrate (1.2-11.5-fold decrease) and cofactor (1.1-7.7-fold decrease) are reported for 7 out of 10 enzymes. (Here, and elsewhere, we use K M to refer to both the Michaelis constant and the dissociation constant K H for enzymes displaying cooperativity. Such enzymes are marked in Table II . No significant changes in the Hill coefficient were observed for these cooperative enzymes.) Accordingly, the catalytic efficiencies were increased from 1.2-fold to as much as 83-fold with respect to cofactor or substrate (Table II) . The improved enzymes contained Rossmann (KARIs, AtGR1, DmADH, ScADH6), FAD/NAD-binding (LsNOX) and DHQS-like (EcFucO) cofactor-binding folds and included enzymes with both cofactor preferences. We were unable to find beneficial mutations at the targeted positions in three enzymes:
LlAdhA (Rossmann fold), KpDhaT (DHQS-like fold) and TeXR (TIM barrel fold).
Because we identified beneficial mutations at multiple residues in the LsNOX enzymes, we also tested the double and triple combinatorial mutations. All three double mutants showed activity enhancements with respect to wild type, although not necessarily above the single mutants (Table II) . The triple mutant had considerably elevated k cat values but expressed quite poorly compared with the wild-type enzyme and the other single and combinatorial mutants (data not shown). Losses in expression or stability upon the accumulation of mutations are to be expected; stability can often be recovered by further mutagenesis, without compromising activity (Bloom et al., 2007; Fasan et al., 2008; Gong et al., 2013) . Although expression levels were not quantified here, no other large changes in purified protein yields were observed for the other mutants of LsNOX or any other protein tested.
The evolutionary fitness of an enzyme, that is how it contributes to the survival and fitness of its source, is determined by factors beyond catalytic efficiency, and thus catalytic efficiency may be sacrificed to achieve other properties. In this case, improving activity might be expected to come at the expense of those other properties. To test whether other enzyme properties may have been perturbed by the mutations we identified, we analyzed selected enzymes for changes in pH optimum (DmADH V108I ) and thermostability (DmADH V108I , EcFucO M185A and EcFucO M185C ). We found no significant changes in the improved variants compared with the wild-type enzymes (Supplementary Information S3) . Additionally, none of the enzymes characterized were shown to be uncoupled-that is, none consumed cofactor in the absence of substrate-although we did not test LsNOX (its molecular oxygen substrate requires a controlled atmosphere for kinetic measurements). We also examined the in vivo activities of two of the enzymes (ScADH6 and EcFucO) whose activities could be directly tied to cell survival (Larroy et al., 2002; Wang et al., 2011) . Under standard E. coli expression conditions, no growth defect was observed as a result of the mutations (Fig. 2, top row) . Furthermore, upon the addition of a toxic aldehyde (transcinnamaldehyde or furfural, respectively), growth was enhanced with the mutant ScADH6 and EcFucO enzymes providing improved reductive detoxification ability compared with the wild-type enzymes (Fig. 2, bottom row) .
Structural alterations in EcFucO
The structure of EcFucO M185C was solved at a resolution of 0.91 Å (Table III) , which allowed us to investigate whether the mutation at position M185 caused structural changes in the enzyme or the bound cofactor. In EcFucO
M185C
, activity was enhanced when M185 was substituted by a smaller and slightly more polar cysteine. The side chain of this cysteine lies almost perfectly along the β and γ carbons of the wild-type methionine, and aligning the structure of EcFucO M185C to the previously published wild-type structure (Kumaran and Swaminathan, 2009 ) reveals no major changes in the protein structure or the cofactor-binding pocket. However, the axis of the cofactor is tilted slightly, and the adenine is slightly shifted (0.3 Å) in the direction of the active site (Fig. 3) . This leads to a more significant shift of 1.1 Å at the N1 of the nicotinamide at the other end of the cofactor (Fig. 3) . As the nicotinamide is the catalytically active part of the cofactor, we assume that this change in position in the active site enhances catalysis in the EcFucO M185C variant, mainly via a 3.6-fold increase in k cat . A similar repositioning of the cofactor was also observed in the crystal structure of Se_KARI DDV with mutation I95V close to the adenine of the cofactor (Brinkmann-Chen et al., 2013) . Mutations in Se_KARI DDV caused a 1-Å shift of the adenine compared with the parent structure, and Brinkmann-Chen et al. proposed that this readjustment placed the cofactor in a more favorable position for catalysis, although the presence of two additional mutations and a reversal of the cofactor specificity made it impossible to attribute the shift to I95V alone.
Discussion
It is often assumed in protein and metabolic engineering that enzymes have already been optimized toward their native functions and that their native catalytic efficiencies cannot be improved (Tokuriki et al., 2012) . Despite evidence that metabolically crucial enzymes display, on average, faster kinetics than those involved in secondary metabolism and the corresponding prediction that the kinetics of secondary metabolic enzymes could be improved (Bar-Even et al., 2011), the engineering of more active enzymes has remained elusive (Bar-Even and Tawfik, 2013). Even when modest successes have been described (e. g. as in Bastian et al., 2005) , no method for finding activating distal mutations (other than random mutagenesis) has been reported. In this study, we have empirically identified structural positions across a broad category of enzymes where mutations can improve kinetics of native or native-like reactions. Our results with ScADH6 and EcFucO also indicate improved overall functionality in an in vivo context where higher activity promotes better growth in the presence of toxic substrates.
We propose a few factors that may contribute to this unusual finding. The mutations identified in this study are remote from the catalytically active centers in the proteins (the average distance between the C α of residues targeted in this study and the hydride-carrying C4N Fig. 2 In vivo growth of cells containing mutant enzymes. Top row shows cells under normal growth conditions. None of the characterized mutations cause a growth defect relative to overexpression of the wild-type enzyme. In the presence of toxic aldehydes (bottom row), the respective wild-type enzymes improved growth rate compared with no enzyme, and the mutant enzymes led to higher growth rates than the wild-type enzymes. Error bars indicate the standard deviation of the measurements.
atom of the cofactor is 16.9 Å), lowering the chance of disrupting the active sites. Nevertheless, the extended NAD(P)(H) cofactor can transmit perturbations to the active site and may even magnify them (Mesecar et al., 1997) . This is particularly relevant given the role of adenosine as a common energetic and recognition 'handle' in the binding of enzyme cofactors (Moodie et al., 1996) . Furthermore, despite (or perhaps because of) its ubiquity, structurally diverse binding pockets for adenine have evolved (Chakrabarti and Samanta, 1995; Moodie et al., 1996; Nobeli et al., 2001; Pyrkov et al., 2007) . In contrast to moieties with more specialized, conserved binding motifs, adenine binding is governed by a 'fuzzy recognition template' consisting of hydrophobic residues above and below adenine rings and polar residues around its rim (Moodie et al., 1996; Nobeli et al., 2001) . This might suggest that the adenine-binding pocket can tolerate mutations that fine-tune the kinetics or energetics of binding as long as these general structural elements are present. Although no pattern in the beneficial mutations described here is readily apparent, such as an increase or decrease in steric bulk, side chain polarity or conformational entropy, a number of structural factors can be linked to the catalytic efficiency of enzymes. We offer two possible mechanisms for the enhancements observed and discuss them below in the specific context of nicotinamide cofactor binding. In a 1997 study of isocitrate dehydrogenase, Mesecar et al. observed that subtle chemical modification of the adenine ring of NADPH significantly reduced catalytic activity. High-resolution crystal structures showed how the change to the adenine binding resulted in a slight shift in the position of the nicotinamide with respect to the substrate, and the large decrease in catalytic activity was attributed to this subtle misalignment (Mesecar et al., 1997) . In a study of aldoketo reductases, Campbell et al. (2013) similarly concluded that the relative positioning of the cofactor and substrate in the active site was the major factor contributing to efficient turnover. Although the structure of wild-type EcFucO does not have the nicotinamide resolved and the structure of EcFucO M185C lacks the substrate, it is possible that the beneficial mutations identified here realign the cofactor Values in parentheses refer to the highest-resolution shell. in a way that improves catalytic preorganization with respect to the substrate and active site. Alternately, the mutations may affect the binding and unbinding kinetics of the cofactor. In a comprehensive study of adeninebinding pockets, Nobeli et al. (2001) found that protein-bound adenine moieties form, on average, only 67% of theoretically possible hydrogen bonds, suggesting that modulating the binding energy to fine-tune k on and k off is more important than achieving the tightest possible binding. Furthermore, for several kinds of NAD(P) (H)-dependent enzymes, it has been shown that long-range conformational changes occur during binding of cofactor and/or substrate, resulting in allosteric cooperativity (Kavanagh et al., 2002; Plapp, 2010; Liu et al., 2012; Campbell et al., 2013) , which could explain why, in some of the enzymes tested, mutations affect the substrate K M , even though they are far from the substratebinding portion of the enzyme. Bar-Even et al. (2015) postulate in a recent paper that the suboptimality of moderately efficient enzymes (enzymes whose second-order rate constants lie well below the diffusion limit) reflects, at least in part, a high proportion of 'futile encounters' between enzyme and substrate before a productive complex forms. In this context, the mutations we observed could increase the likelihood of formation of productive enzyme-substrate complexes either by improving the energetics of proper cofactor alignment or by increasing the rate at which futile complexes dissociate. The observation that enhancements in all three kinetic parameters (k cat , cofactor K M and substrate K M ) arise from mutations distal to the site of catalysis or substrate binding may seem counter-intuitive. In this context, it is useful to remember that k cat and K M values are indirect 'black-box' measures of the formation and dissociation of a catalytically productive enzyme-cofactor-substrate complex (Bar-Even et al., 2015) . Therefore, cofactor binding that is better suited to the formation of a productive complex can be manifested in the turnover rate (k cat ) or may promote substrate binding that is more likely to be catalytically productive. Measurement of the microscopic kinetic parameters governing these reactions may be able to de-convolute these effects and shed more light on how the mutations described here promote activity.
In 3 out of 10 enzymes tested thus far (LlAdhA, KpDHAT and TeXR), no single mutation at these positions created variants with improved kinetics, indicating that these enzymes already lie at a local fitness optimum with respect to the targeted residues. No clear factor unites these three enzymes as distinct from the others studied, suggesting that the optimality of these positions is determined stochastically by the balance of genetic drift and natural selection (Lynch, 2012; Sung et al., 2012) .
In this study, we have empirically identified structural sites that have a strong effect on activity without themselves being catalytically crucial and demonstrated that we can find mutations that boost the catalytic efficiency of the enzyme through subtle structural and/or energetic changes that cannot be rationally designed or predicted. We propose targeting mutations near the adenine for site-saturation mutagenesis and screening for improved kinetics as a fast and simple way to improve or tune the catalytic properties of NAD(P)H-dependent enzymes. With a demonstrated success rate of 7 in 10, including the 2 previously published KARIs, this is the first general strategy that has been proposed for improving a broad category of enzymes for their natural functions. Furthermore, different kinetic properties of the enzymes were changed, including substrate and cofactor affinity as well as turnover rate, allowing for fine-tuning of enzymatic properties for specific applications. Finally, these results demonstrate that many enzymes have room for improvement of catalytic properties in vitro and likely also in vivo, which holds promise for the engineering of improved biocatalysts and metabolic pathways.
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